Introduction
The acute phase response of the innate immune system is an initial global reaction to pathogen exposure (Baumann and Gauldie, 1994) . It is now well established that this response consists not just of physiological components [e.g., fever, changes in expression of liver proteins, increased hypothalamic-pituitary-adrenal (HPA) activity] but also of behavioral changes (Dantzer and Kelley, 2007; Hart, 1988) . Socalled sickness behaviors include reduced goal-directed activity (e.g., social and sexual interactions, food intake), increased sleepiness, a hunched posture, piloerection, and approach to sources of warmth (Aubert, 1999; Hart, 1988; Maier et al., 2000) . Sickness behaviors appear to be due to centrally acting proinflammatory cytokines [e.g., interleukin-1 (IL-1), tumor necrosis factor-alpha (TNF-alpha); Dantzer et al., 2008; Hart, 1988] . In addition to pathogens, stressors can sometimes induce central proinflammatory activity, sickness behaviors, and other components of the acute phase response (Deak et al., 1997; Maier and Watkins, 1998; Nguyen et al., 1998) .
These findings have gained importance as it has become clearer that proinflammatory cytokines also produce depressive symptoms and appear to contribute to aspects of depressive illness (Dantzer et al., 2008; Miura et al., 2008; Schiepers Psychoneuroendocrinology (2009 ) 34, 1101 -1108 
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When infant guinea pigs or primates of some species are separated from their mothers, the young frequently exhibit a 2-stage, active/passive response (Hennessy et al., 1995; Mineka and Suomi, 1978) . During the active phase (''protest''), infants vocalize at high rates and may show increased locomotor activity. After a period of time (about an hour or more in guinea pigs, hours or days in primates), the infants enter a second stage (referred to as ''despair'' in primates) in which active behavior is minimal, and infants appear disinterested in their environment. Although specific behaviors differ, both guinea pigs and primates exhibit a hunched or crouched posture. In guinea pigs, the crouch is accompanied by periods of eye-closure and extensive piloerection. The appearance of both primate and guinea pig infants during this passive stage suggests physical illness (Hennessy et al., 2001; Kaufman and Rosenblum, 1967) . Beyond the behavioral changes, separated guinea pigs and primates also display stress-related physiological responses, including HPA activation (Hennessy and Ritchey, 1987; Coe et al., 1978) .
Previously, we suggested that the passive behaviors of guinea pigs, and perhaps of primates, might be mediated by proinflammatory factors and thereby constitute stressinduced sickness behaviors elicited by the stress of maternal separation in a novel environment (Hennessy et al., 2001) . Supporting evidence includes the finding that the passive behaviors seen during isolation are identical to behaviors triggered by activation of the acute phase response. That is, pups administered lipopolysacchride (LPS), a reliable inducer of a robust acute phase response, exhibited dose-related increases in crouching, eye-closure, and piloerection (Hennessy et al., 2004) . Furthermore, we have found that drugs with anti-inflammatory properties can reduce the passive behavioral response to separation. Both alpha-melanocyte stimulating hormone (alpha-MSH), an endogenous peptide with broad anti-inflammatory effects (Lipton et al., 1999; Luger et al., 2003) , and the cyclooxygenase-2 inhibitor indomethacin significantly reduced levels of the passive responses of guinea pig pups during a 3-h period of isolation in a novel environment (Hennessy et al., 2007b; Schiml-Webb et al., 2006) . However, alpha-MSH has behavioral effects beyond those that can be ascribed to its anti-inflammatory properties (e.g., on anxiety and appetite; Gonzalez et al., 1996; Rao et al., 2003) , and the dose of indomethacin found effective reduced just two of four measures of passive behavior. Therefore, the first purpose of the current study was to provide additional evidence that reducing central proinflammatory activity would reduce the passive behavioral responses of separated guinea pig pups (Experiment 1). The second purpose was to examine whether anti-inflammatory influences on behavior were associated with effects on the HPA response (Experiment 2). IL-10 is an endogenous cytokine with anti-inflammatory properties that regulates the expression and influence of proinflammatory cytokines, such as TNF-alpha and IL-1 (Dantzer, 2004; Smith et al., 1999) . IL-10 has been shown to reduce behavioral effects of LPS in rats (Bluthé et al., 1999; Nava et al., 1997) . Moreover, some of the anti-inflammatory actions of alpha-MSH appear to derive from production of IL-10 (Bhardwaj et al., 1996) . In Experiment 1, the behavior of guinea pig pups infused with one of five doses of IL-10 or vehicle was examined during a 3-h period of isolation. It currently is not known whether the elevated HPA activity of pups during separation is at least in part a component of the acute phase response, or whether HPA activity mediates the influence of cytokines on separation behavior. Accordingly, Experiment 2 assessed the effect of IL-10 and alpha-MSH on the plasma cortisol response of guinea pig pups in our separation paradigm.
Methods

Subjects
Albino guinea pigs (Cavia porcellus) were bred in our laboratory. Each mother and her litter were housed in clear plastic cages (73 cm Â 54 cm Â 24 cm) with sawdust bedding. Water and guinea pig chow were available ad libitum. Lights were maintained on a 12:12 light:dark cycle, with lights on at 07:00 h. All procedures were approved by the Wright State University Laboratory Animal Care and Use Committee. Pups were maintained with their mothers and littermates for the duration of the experiments, being removed only for surgery for placement of ICV cannulae, behavioral testing, and brief routine colony management procedures (such as weighing of pups). No more than one pup from a litter was included in any experimental group.
Cannulation procedures
Between days 16-19, an indwelling cannula was surgically implanted into the right lateral ventricle under isoflurane anesthesia. Pups were pre-treated with atropine (0.05 mg/ kg). Bupivicaine (0.25 mg/0.1 ml, 0.25% bupivicaine) was administered subcutaneously to the scalp prior to surgery. Once anesthetized, pups were placed in the stereotaxic apparatus. Guide cannulae (26 gauge) were placed relative to bregma with coordinates of À3.0 mm anterior-posterior, À3.0 mm medial-lateral, and À4.0 mm dorsal-ventral. A stainless steel screw was placed across the skull's sagittal suture adjacent to the guide cannulae to help secure the cranioplastic cement that held the guide in place. All cannula supplies were sterile at the time of surgery and were purchased from Plastics One (Roanoke, VA). Buprenorphine (0.015 mg/0.05 ml) was given immediately after surgery and again 24 h post-surgery for post-operative pain control. Each day after surgery, pups were weighed, dummy cannulae (caps) were removed, and guide cannulae were checked for patency.
Following the completion of testing, pups were euthanized with CO 2 gas, and placement of the cannula was checked. Pups were decapitated, India ink was infused into the cannula, and the lateral ventricles were exposed. Only data from pups with dye in at least one of the ventricles were included for analysis.
Test procedures
Pups were tested twice, once after infusion of murine IL-10 (American Research Products, Belmont, MA) and once after infusion of artificial cerebrospinal fluid (aCSF) vehicle following procedures established by Schiml-Webb et al. (2006) . The order of drug presentation was counterbalanced across subjects. The first test occurred at least 4 days post-surgery between days 20 and 23, and the second test occurred between days 24 and 26 (near the end of the preweaning period), with no fewer than 3 days between tests. At the time of testing, the pup was infused with 5 ml of either drug or aCSF and returned to the home cage for 60 min prior to being placed into a clean, empty cage in the novel testing room.
2.4. Experiment 1: does IL-10 reduce passive behaviors during maternal separation? 2.4.1. Conditions Thirty guinea pig pups served as subjects. Six pups (three males, three females) were assigned to each of five groups based on dose of IL-10 administered. Doses of IL-10 were 12.5, 25, 50, 100, and 200 ng. The doses chosen encompass the approximate range on a body weight basis of ICV doses found to affect behavior of rats in previous studies (Bluthé et al., 1999; Nava et al., 1997; Opp et al., 1995) .
Behavioral testing
Maternal separation lasted 3 h, with behavioral data collected during 0-30, 60-90, and 150-180 min. At the start of testing, pups were taken from their home cages and quietly moved in a carrying cage from the colony room to the adjacent testing room and placed into a clear, empty, plastic cage (47 cm Â 24 cm Â 20 cm) located on a table top under full room lighting. During testing the cage was covered with a vented, clear plastic lid. A characteristic crouched posture in which the feet are tucked beneath the body, prolonged closure of one or both eyes, and extensive piloerection were recorded in a onezero fashion during each 1-min interval. The number of intervals in which pups exhibited all three passive behaviors was also recorded (i.e. the full passive response). To assess active behavior, the number of whistle vocalizations (Berryman, 1976) was scored as was the number of times the pup crossed lines dividing the floor of the test cage into four equal-sized sections. The test cage was cleaned with detergent between each use. All testing began between 10:00 and 11:00 h.
2.5. Experiment 2: do anti-inflammatory agents reduce plasma cortisol levels during maternal separation? 2.5.1. Conditions Eighteen pups were surgically implanted with an indwelling cannula as described above. Pups were tested twice, once with aCSF and once with drug. Six females and three males were tested with IL-10, and six females and three males were tested with alpha-MSH. For IL-10, we chose the median effective dose (50 ng) used in Experiment 1. For alpha-MSH, the dose (25 mg) chosen was that found to reduce passive behavior in previous studies (Hennessy et al., 2007b; Schiml-Webb et al., 2006) . 2.5.2. Blood sample collection and hormone assessment On the day of testing, a blood sample was first taken to assess baseline levels of adrenocortical activity. The pup was then infused with 5 ml of either drug solution or aCSF vehicle and returned to the home cage for 60 min. A second blood sample was then taken, and the pup was immediately placed alone into the novel environment for 3 h, with blood samples to assess the effect of separation collected at 60 and 180 min. All testing began at 12:00 h.
Blood samples were collected from marginal ear veins (Kaiser et al., 2007; Sachser, 1994) . This procedure is minimally invasive, produces little struggling, and requires no anesthesia. To collect samples, one individual held the pup and exposed the ear while another nicked the skin with a sterile injection needle. The ear was then gently massaged, and capillary tubes were filled with the blood that pooled along the incision. A maximum of 0.2 ml of blood was collected over no more than 5 min. Previous research has shown that obtaining blood samples in under 5 min is fast enough to ensure that any increase in circulating cortisol that might occur in response to the disturbance of sample collection does not happen until after the sample is collected (Sachser, 1994) . Blood was centrifuged, and the plasma fraction was frozen until assayed for cortisol using a commercially available radioimmunoassay kit (Diagnostic Products Corporation, Los Angeles, CA) that is routinely used and well established in our laboratory (e.g., Hennessy et al., 2002) . Intra-and interassay coefficients of variation were 8 and 15%, respectively.
Data analysis
In Experiment 1, nonparametric tests were used to analyze behavioral data due to a large number of zero scores. Kruskal-Wallis tests for multiple between-group comparisons (differences among dose groups) and Wilcoxon tests for paired within-group comparisons (differences between drug and control conditions) were used. Regardless of drug condition, active behaviors occurred primarily during min 0-30 and passive behaviors during min 150-180. For ease of presentation, reported analyses are based on the sum of the scores across all three 30-min periods, though it should be noted that identical patterns of effects for IL-10 vs. aCSF were observed when behaviors were analyzed only during the 30-min segment in which the behaviors most frequently occurred. Similarly, analysis of dose effects of IL-10 at the individual 30-min observation periods yielded the same results as did examination across all three periods. Males and females had similar patterns of behavioral responses, so their data were pooled for analysis. In Experiment 2, initial analyses of variance (ANOVA) with sex of the pup included as a variable yielded no significant main or interaction effects for this variable. Therefore, the factor of Sex was dropped from the final analysis. Two (drug vs. vehicle) Â four (time) repeated measures ANOVAs were then used to assess the effects of IL-10 and alpha-MSH on plasma cortisol concentrations. A two-tailed significance level of 0.05 was used throughout.
Results
3.1. Experiment 1 3.1.1. Passive behaviors As expected, pups displayed high levels of the passive behaviors of crouching, eye-closing, and piloerection during maternal separation following infusion with vehicle. Administration of IL-10 greatly reduced emission of passive behaviors (Fig. 1) . Kruskal-Wallis tests showed that there were no differences among dose groups for any of the four dependent measures either when pups received different doses of IL-10 or when they received vehicle. Therefore, data were combined across dose groups and comparisons were made between drug and vehicle conditions. IL-10 administration significantly reduced levels of crouching Fig. 1 suggests that the lower doses of IL-10 were less effective than the higher doses, at least for crouch and possibly eye-closure. An exploratory analysis, in which passive behavior scores for pups given the lowest two doses were combined and compared to those of pups administered the highest two doses yielded a significant effect for crouch ( p < 0.05), suggesting that dose effects may have been apparent with larger sample sizes per group.
Active behaviors
Median scores for vocalizations and line crossings are listed in Table 1 . Kruskal-Wallis tests revealed no differences across dose groups for vocalizations or line crossings when pups received either different doses of IL-10 or vehicle. Data were then combined across dose groups and Wilcoxon tests assessed differences between the effects of IL-10 and vehicle administration. There was no effect of IL-10 on either vocalizations or locomotor activity.
Experiment 2
As seen in Fig. 2 , cortisol concentrations increased during maternal separation as expected. Although those pups tested with alpha-MSH had somewhat higher levels overall, neither IL-10 nor alpha-MSH was effective in reducing cortisol levels. For each comparison, ANOVA revealed only a main effect of time (IL-10: F(3, 21) = 21.05, p < 0.01; alpha-MSH: F(3, 21) = 29.56, p < 0.01).
Discussion
In Experiment 1, pups tested in the vehicle control condition exhibited substantial levels of crouching, eye-closing, and piloerection during the 3-h period of isolation as expected based on previous studies (e.g., Hennessy et al., 1995; Schiml-Webb et al., 2006) . Central administration of IL-10, across a range of doses, significantly reduced each measure of passive behavior. As in earlier work (Hennessy et al., 2007b; Schiml-Webb et al., 2006) , active behaviors were not significantly altered by the anti-inflammatory agent. In Experiment 2, doses of IL-10 and alpha-MSH that reduce passive behavior during separation were without effect on plasma cortisol levels either prior to, or following, 1 or 3 h of isolation.
IL-10 is now the third anti-inflammatory agent -along with alpha-MSH and indomethacin -that we have found to decrease the passive responses of guinea pig pups during a 3-h period of isolation (Hennessy et al., 2007b; Schiml-Webb et al., 2006) . Together, these results strongly indicate that proinflammatory processes are a mediator of the passive separation responses in this species. Endogenously, IL-10 appears to be released in conjunction with proinflammatory cytokines (Smith et al., 1999) . It is possible, therefore, that IL-10 is released during separation and prevents passive responses from being more extreme than they otherwise would be. Further, since the presence of the mother in the test cage greatly reduces or eliminates passive responding (Hennessy and Morris, 2005) , it also is possible that part of her influence results from the action of IL-10. To date we have not identified an increase in central proinflammatory activity that might promote passive responding (e.g., Hennessy et al., 2004) , though negative findings could be due to low levels of expression or to very localized or temporally constrained effects. In the spleen, an increase in expression of TNF-alpha was observed following 1 and 3 h of isolation (Hennessy et al., 2007a) , indicating that the isolation procedure does stimulate proinflammatory activity in the periphery.
Separation from the maternal attachment figure and related forms of attachment disruption (i.e., neglect, abuse) are strongly associated with depressive behavior. When the passive, ''despair'' stage of behavioral response to separation was first identified in institutionalized children, it was considered indicative of depressive illness (Spitz, 1946) ; and early separation or attachment disruption appears to be a powerful influence predisposing vulnerable individuals to major depression in adulthood (Furukawa et al., 1999; Gillespie and Nemeroff, 2007; Gilmer and McKinney, 2003) . The despair stage of separation in nonhuman primates was one of the earliest animal models of depressive illness (McArthur and Borsini, 2006) . Because guinea pigs exhibit an attachment process and responses to maternal separation that appear to approximate those seen in nonhuman primates, (Hennessy, 2003) , guinea pigs provide a potential rodent model in which depressive-like effects of attachment-figure separation can be studied.
The cytokine hypothesis of depression asserts that proinflammatory processes contribute to depressive illness (Schiepers et al., 2005) . This notion was prompted by findings such as high rates of depressive symptoms in patients administered a proinflammatory cytokine for chemotherapy and high levels of circulating proinflammatory factors in depressed individuals (Kronfol, 2002; Raison et al., 2006) . Further, stress-induced increases in cytokine activity are thought to Figure 2 Mean concentration of plasma cortisol after administration of IL-10 (A) or alpha-MSH (B) as compared to aCSF at baseline (À60), just prior to maternal separation (0), and after 60 (+60), and 180 (+180) min of separation in Experiment 2. Vertical lines represent the standard error of the mean.
be a major factor accounting for the ability of stressors to precipitate the onset of a depressive episode (Miura et al., 2008) . Therefore, the present findings suggest that proinflammatory processes underlie the depressive responses associated with the ''despair'' stage of maternal separation. Nonetheless, whether proinflammatory activity contributes to the passive behavioral responses of separation in nonhuman and human primates remains to be determined. Increased HPA activity is a physiological component of the acute phase response (Maier et al., 2000) . Because both IL-10 and alpha-MSH have robust anti-inflammatory actions, one might expect that these peptides would have reduced HPA activity in Experiment 2. On the other hand, the potent anti-inflammatory effect of glucocorticoids would seem to imply a stimulatory effect of IL-10 and alpha-MSH on HPA activity. Indeed, the effect of these peptides on HPA activity are complex. IL-10 acts at the hypothalamic, pituitary, and adrenal levels, and appears able to both increase and decrease glucocorticoid release (Smith et al., 1999) . Similarly, alpha-MSH can enhance glucocortiocoid secretion (Vecsernyes et al., 2000) , inhibit HPA activation by proinflammatory cytokines (Lyson and McCann, 1993; Papadopoulos and Wardlaw, 1999; Shalts et al., 1992) , and induce IL-10 expression (Redondo et al., 1998; Luger et al., 2003) . In the present study, doses of IL-10 and alpha-MSH that suppressed passive behavior during 3-h of separation had no effect on plasma cortisol levels either before or during the separation procedure. These findings with alpha-MSH agree well with those previously reported for tailshock (Milligan et al., 1998) . While other doses of IL-10 or alpha-MSH might have affected plasma cortisol levels in the present study, the lack of effect on cortisol levels is of interest because of the dissociation with behavioral findings. Even the lowest dose of IL-10 produced clear behavioral effects, whereas there was no effect of IL-10 on plasma cortisol levels. The reason for the observed selectivity (e.g., differential sensitivity of brain regions controlling the behavior and endocrine responses, differential access of ICV IL-10 to these regions) is unclear. Nonetheless, the occurrence of the dissociation suggests that the reduction of passive behavior by IL-10 and alpha-MSH involves mechanisms other than altered HPA activity, and conversely, suggests that proinflammatoryinduced increases in these behaviors during separation also are unlikely to be mediated by the HPA response. In addition, the finding that neither IL-10 nor alpha MSH reduced the HPA response might suggest that these drugs are working to block the consequences of stress rather than the perception of maternal separation as a psychosocial stressor.
The present results do not address the specific site(s) within the CNS at which IL-10 affected behavior, though limbic structures (e.g., amygdala, hippocampus) are a strong possibility. These regions are thought to be mediate proinflammatory-induced sickness behaviors, possess proinflammatory cytokine receptors, and exhibit increased proinflammatory cytokine expression following stressors (Dantzer, 2004; Maier and Watkins, 1998) . IL-10, in turn, inhibits proinflammatory cytokine expression and effects (Dantzer, 2004; Smith et al., 1999) .
The HPA system is particularly responsive to stressors with a strong psychological component (Mason, 1975 ). It is not surprising then that an increase in HPA activity is probably the most consistently reported physiological effect of separation from an attachment figure in a variety of species (Hennessy, 1997) . Increases in circulating levels of HPA hormones typically are detected shortly after separation ensues and seem to reflect the emotional response to attachment-figure separation. However, HPA activity can be enhanced by the action of proinflammatory cytokines, most notably by IL-1, as part of the acute phase response. While some stressors induce expression of IL-1 in the hypothalamus, not all do (Deak et al., 2005) . Intense stressors, such as electric shock and immobilization appear to be most effective, where as less-intense and more-purely psychogenic stressors, including our separation procedure (Hennessy et al., 2004) , have not been found to increase hypothalamic IL-1 expression. This finding is consistent with the observation here that antiinflammatory agents did not affect plasma cortisol levels during separation. While it certainly remains possible that cytokines influence HPA activity during separation, the present results point out the need to explicitly sort out which aspects of a full acute phase response are and are not elicited by stressors such as separation, and which cytokines underlie the various effects.
